Abstract-Improved condition monitoring of production equipment enhances process safety and the ability to perform preventive maintenance, thus reduces downtime and associated costs. Condition monitoring or early detection is an integrated part of Abnormal Situation Management (ASM) and is becoming more and more important to chemical process industries due to safety, environmental, and economic reasons. Despite these developments, ASM is generally poorly practiced in the process industries. Much of the actual practice places the onus on plant operators to respond effectively to abnormal conditions. The objective of this article is to plot the data in real time for the detection of fouling in air-cooled exchangers and leaks due to longitudinal bypass in shell and tube heat exchangers. This data is obtained from the Distributive Control System (DCS) historian in the case of shell and tube heat exchanger and experimental methods for air cooled heat exchangers respectively. In this research apparent fouling in one of the shell and tube heat exchanger was actually longitudinal baffle bypass leak.
I. INTRODUCTION
Abnormal situation is one where a process variable goes outside its operating envelope or the mechanical integrity of an equipment is undermined and, if not brought under control or remedied, may escalate to an emergency situation (e.g. loss of containment or equipment failure). The causes of process deviation that result in an alarm or interlock activation are not always known in every situation. The process knowledge and experience of the operators has enabled management of many deviations. However, human error or inexperience can result in incorrect diagnosis and incorrect response [1] .
Abnormal situation management (ASM) is the job of the operations team to identify the cause of the situation and execute compensatory or corrective actions in a timely and efficient manner. Examples of ASM include fault diagnosis, alarm system management and operator guidance systems [2] . ASM has become especially important as a result of increasing environmental regulation, increasing litigation, and increasing concern by the communities in which refineries and chemical plants are located [3] . Techniques such as real time fault detection and diagnosis (FDD) play a key role in avoiding major accidents, enhancing equipment reliability, and plant profitability. Due to proliferation of historical data, the process history based methods have gained grounds over the model based methods [4] .
Real time fault detection and diagnosis (FDD), i.e., condition monitoring, is an important branch of ASM. In this paper, FDD of heat exchangers are presented. Heat exchangers play a critical role in energy-intensive process plants. As such, being able to monitor and detect degrading conditions such as fouling and longitudinal bypass of heat exchangers improves the ability to prepare for necessary maintenance, to perform maintenance more efficiently, and as such, reduce downtime and associated costs [5] .
Fouling is a general term referring to any kind of extraneous material that appears upon the heat transfer surface during the lifetime of the heat exchanger. Whatever the cause or exact nature of the deposit, an additional resistance to heat transfer is introduced and the operational capability of the heat exchanger is correspondingly reduced [6] . The growth of fouling depends on composition of the fluids, operating conditions in the heat exchanger, type and characteristics of the heat exchanger, location of fouling, and presence of microorganisms [7] . Detecting heat exchanger fouling is complicated by the fact that overall heat transfer coefficient is a function of the fluid composition and conditions on each side of the heat exchanger. Therefore, the designed duty or temperature approach cannot be compared directly to operating data, as exchangers frequently operate at other than designed flow rates and feed conditions. When air cooled heat exchangers experience reduced air flow, the cooling capacity is reduced especially during warm summer days. This reduction in air flow is due to an increase in the pressure drop across the dirty tube bundle. As the tube bundle gets fouled overtime, the pressure drop will increase gradually leading to reduced air flow around the tubes. The causes of the outer surface of the tube bundle being fouled is due to dirt, rust, leaves or pollen deposition. The reduction in the cooling capacity of the air cooled heat exchanger impacts the production and also causes the distillation column to operate at a higher pressure which is an abnormal situation.
Longitudinal baffles dived a shell into two or more sections, providing multipass on the shell side. But this type should not be used unless baffle is welded to the shell and tube sheet. Nevertheless, several sealing devices have been used to seal the baffle and shell, but none are very effective. If the baffle is not welded, bypassing occurs from one side to the other which adversely affects heat transfer coefficient and makes accurate prediction rather difficult [8] .
In this paper, the detection of fouling using non-intrusive conditioning monitoring in fin and shell and tube heat exchangers along with the detection of longitudinal baffle bypass leaks in a shell and tube heat exchanger of a petrochemical plant are discussed. Data collected from the Distributive Control System (DCS) historian were analyzed and graphs that indicate the heat exchanger fouling or a longitudinal bypass were plotted. The information can be integrated in the DCS alarm system along with the diagnosis message.
The proposed method is cost-effective because the conclusion of whether the heat exchanger is fouled or a longitudinal bypass leak occurs can be reached by simply plotting the overall heat transfer coefficient and fouling factor as a function of time in service; based on the operating parameters of the respective heat exchangers obtained from the (DCS) historian and heat transfer equations and ASPEN simulation. The observations of this study were corroborated by the findings of the maintenance personnel when the heat exchangers were opened up during the next available shutdown.
II. CASE STUDIES

A. Deterioration of Performance of Air Cooled Heat Exchangers Due to Fouling
Air-cooled exchangers, also known as fin-fan exchangers, consist of heat exchanger tubes with extended surfaces, commonly referred to as finned tubes [9] . Fans are used to blow air across the finned tubes to provide cooling or heating. Deterioration in operating performance can be due to fouling on the process or air side of the heat exchange surface [10] , or due to deterioration in fan performance. Fouling on the airside of the exchanger will adversely affect both heat transfer and air flow.
Four air cooled exchangers in a petrochemical facility used for condensing similar column overheads (condensing temperature between 200 F and 300 F or 93.3C and 148.8 C) were studied. Two of the exchangers were condensers for one distillation column; the other two exchangers were for a second distillation column. All four exchangers had bottom mounted forced airflow fans, with the air flowing up across the tube bundles. The exchangers were between 14 and 40 years old, and the process side of the exchangers did not foul. However, the exchangers were having difficulty during the summer because of the high ambient temperature in being able to condense the column overheads without increasing the operating pressure. The first assumption was that the exchangers were dirty on the air (finned) side, so they were cleaned. The performance did not return to historical operating conditions. The exchanger was then evaluated to determine if the fans and heat exchange tubes were operating as designed. The duty for each exchanger was determined from the air side of the heat exchanger. The air flow was measured in a grid across the fan inlet and across the top surface of the tube bundle using a hot wire anemometer. The air flows measurements were taken on a calm day, as wind would cause errors in the air flow measurements. The temperature of the air supply to the fan and of the air leaving the tube bundle were measured using a length of thermocouple wire attached to a long piece of steel tubing. The inlet temperature for the bundle was assumed to be the average temperature for the fan inlet. The duty for the heat exchanger was calculated as follows:
where Q is the heat duty in Btu/hr, is the volumetric flow rate of air in ft 3 /min, is the velocity of air in ft/s, is the density of air in lb/ft 3 , is the heat capacity of the fluid undergoing temperature change in Btu/lb. To check the accuracy of the calculated duty, the sum of the air-side duties for the two exchangers for a given column was compared to the process-side duty for the distillation column. The process-side duty was calculated by measuring the reflux and liquid overhead product flows, and multiplying by the enthalpy change from dew point vapor to sub cooled liquid. The air-side and process-side duties agreed within 1% on one distillation column, and within 7% on the other distillation column. At this point, the data for the air-side and process-side streams were assumed to be acceptable for further analyses.
U is the overall heat transfer coefficient (Btu/hr-ft 2 -0 F). Here h vap and h liq are in Btu/lb.
where R f is the fouling factor in 0 F-ft 2 -hr/Btu, k is the thermal conductivity of the tubes in Btu/hr-ft-0 F, r 0 and r i are the outer and inner radius of the tubes respectively in ft and is L is length of tubes in ft.
Following parameters were determined for the four exchangers:
• Airside-fouling factor was determined using an ASPEN exchanger design and rating program for heat exchanger design and evaluation, B-JAC [11] .
• The percent of airside flow was determined by comparing the airside data and design data for the exchangers. ASPEN's heat exchanger program was used with the input of the exchanger configuration (tubes, fins, rows), the measured duty (average of the process side duty and the air side duty), and the measured process and air temperatures, as well as the process composition. The ASPEN heat exchanger program used the temperatures and exchanger configuration to calculate the area and the corrected log mean temperature difference.
B. Deterioration of Performance of Shell and Tube Heat Exchanger Due to Fouling/Longitudinal Bypass Leak
Four shell and tube heat exchangers in a hydro treater unit of a petrochemical facility were evaluated to demonstrate how the fouling of exchangers could be tracked. These exchangers are known to require periodic cleaning, and have varying flow rates and compositions. Three of the exchangers are BFU (Bonnet front end stationary head; F shell type; U-tube bundle rear end stationary head) type exchangers; counter flow exchangers with two passes on the shell side and two passes on the tube side. The other exchanger is a BEU (Bonnet front end stationary head; E shell type; U-tube bundle rear end stationary head) type exchanger with two passes on the tube side, but only one pass through the shell side.
The first type exchanger to be evaluated for fouling was a BFU type exchanger with a gas flowing on the cold shell side and a condensing liquid-gas mixture on the hot tube side. The following daily average data were collected for a three-year period using a process information (data logger) system:
• Gas flow rate • Liquid flow rate • Shell side (gas) inlet and outlet temperature • Tube side (two phase) inlet and outlet temperature
The heat capacity data for the shell side gas were determined from an ASPEN simulation [11] for the gas compositions. The change in enthalpy per unit mass per unit change in temperature were determined for the two-phase flow using the duty determined from the shell side of the exchanger for 300 days of data.
where ḣ and ̇ are mass flow rate in lb/hr for hot and cold side respectively, C ph and C pc are heat capacity in Btu/lb.°F for hot and cold side respectively and T and t is the temperature of hot and cold fluid respectively in °F . Then the duty and the log mean temperature difference (LMTD) was calculated for each day.
The actual (dirty) overall heat transfer coefficient can be determined from
U is the overall heat transfer coefficient in Btu/hr-ft 2 -°F The value for the clean overall heat transfer coefficient (U clean ) can be determined from the shell-side and tube-side heat transfer coefficients at different flow rates and composition, but keeping at design temperatures. (14) Here h o is the shell side heat transfer coefficient in Btu/hr-ft 2 -°F. D e is the hydraulic diameter of the shell side in feet.
The fouling factor (R f ) is calculated by the equation:
R f is the fouling factor in °F -ft 2 -hr/Btu The apparent fraction bypassing the longitudinal baffle can be determined by assuming there is no fouling. Then, use the design flow rate of the heat exchanger and the clean overall
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heat transfer coefficient to calculate the LMTD for clean conditions. From this LMTD calculation, the theoretical outlet temperature of the gas can be calculated. If the exchanger had the clean overall coefficient, the outlet temperature on the cold shell side would be essentially the same as the inlet on the hot tube side; in order to give the LMTD calculated from
The second type exchanger to be evaluated is a BEU type, with two tube passes (through the U-tubes), one shell side pass and heat is exchanged between a cold hydrocarbon feedstock and the condensing overhead vapors of a distillation column. The following daily average data were collected for a three-year period using a process information (data logger) system: • Liquid (shell-side) flow rate • Distillation tower overhead product flow rate • Distillation tower reflux flow rate • Tube side (two phase) inlet and outlet temperature • Shell side (liquid) inlet and outlet temperature
The duty can be determined from the shell side duty using the increase in sensible heat for the liquid stream on the shell side. The LMTD can be determined from the four process temperatures. The LMTD correction factor (F) for the absence of true counter flow can be obtained from the available charts in the literature.
= * * (18)
The third type of exchangers to be evaluated next were five BFU type exchangers, with U-tubes and longitudinal baffles on the tube side to provide true counter flow. The exchangers were divided into two groups; one group is a pair of heat exchangers at lower temperatures and the other group was a trio at higher temperatures. The following daily average data were collected for a three-year period using a process data from the historian:
• Liquid (shell-side) flow rate • Vapor flow rate (combines with liquid to provide two-phase flow) • Tube side (two phase) inlet and outlet temperature (overall) • Shell side (liquid) inlet and outlet temperature (overall and intermediate)
III. RESULTS AND DISCUSSION
A. Results of the Performance of Air Cooled Heat Exchangers
The exchangers were found to have both lower heat transfer and air flow than originally designed. However, the oldest exchanger had the best heat transfer, but had a different tube material than the other exchangers. Fig. 2 shows the effect of age on the fouling factor for the exchangers. The fouling factor is based on the surface area of the bare tubes. It shows that the fouling factor for the carbon steel tubes is higher. The fouling factors are higher than expected. According to Perry's Handbook for Chemical Engineers [12] and the GPSA Engineering Data Book [13] , the air-side fouling factor should be negligible. However, as shown in Fig. 2 , after ten years the fouling factor can become appreciable. Operation experience indicates that air cooled exchangers are often operated in excess of ten years, indeed even as much as 40 years. Air cooled exchanger vendors recommend the replacement of air finned exchangers every ten years as it is a typical design life for air-cooled exchangers. The oldest exchanger had lower fouling factor due to the tubes made of admiralty, rather than carbon steel. This exchanger was visually cleaner than the other exchangers, as well. The reason admiralty performed better may be due to corrosion (rust) that forms on the carbon steel tubes over time which lowers the air velocity and reduces the heat removal rate of the air cooled heat exchanger. This observation suggests that admiralty would be a better choice compared to carbon steel for new tube bundles in this service. However, admiralty should not have been used in this case as it has a lower melting point than carbon steel and the process material is flammable. The airflow as a percent of design is shown in Fig. 3 . Again, the performance declines over time, except for the exchanger with admiralty tubes. The results show that the exchangers had experienced a slow decline over time, and that, at a minimum, new tube bundles would eventually be required for the exchangers with carbon steel tubes. The exchanger with admiralty tubes would also require replacement, but the exchanger size would have to be increased to compensate for poorer performance as the exchanger aged. Fig. 4 . shows for a gas/condensing two phase BFU the value of U clean declines steadily with time, as does the actual U dirty heat transfer coefficient. The reason for U clean decreasing is to account for the changes in the gas composition and flow rates. Fig. 5 shows that the fouling factor increases steadily during the three-year period. The exchanger does have the potential for the shell-side gas to "short-circuit" the desired flow path. The shell-side gas flow is likely to bypass the desired flow path if there are any leak points on the longitudinal baffle, or if the pressure difference at the leak point is excessive. The apparent fouling factor as shown in Fig. 6 may actually be a measure of baffle leakage that reduces the amount of heat exchange, or a combination of fouling and leakage. Fig. 7 shows that the fouling factor for the liquid / condensing two-phase flow BEU exchanger increases with time. However, this exchanger has been found to foul and is difficult to clean except during lengthy, planned outages. The mechanism for fouling is believed to be related to the formation of heavies called "gums." The hydrocarbon liquid feed contains gums, as well oxygenates that can form gums at elevated temperatures which occurs in the exchanger system. Fig. 7 appears to have two regions for the graph of R f versus cumulative feed. The first region is fairly flat, and may be due to existent gums in the feed being deposited in exchangers upstream. The second region has a greater slope, and may be due to breakthrough of existent gums from exchangers upstream. From Fig. 8 , it can see that the duty drops off gradually, then abruptly increases for the low temperature pair heat exchangers. The abrupt increases occur when the exchangers are cleaned. The fouling factor for these exchangers is shown in Fig. 9 . These values start at a high value, when compared to the literature. The final values are two orders of magnitude (0.13 vs. 0.0013) greater than literature values [9] . The linear shape of the fouling curve versus time fits the trend expected in literature [10] . These exchangers were F shell exchangers, with a longitudinal baffle to ensure counter flow of the shell-side liquid with the flow through the U-tubes. As with the gas and condensing two-phase fluid exchanger, the shell side liquid may be leaking across the longitudinal baffle. Per literature [14] - [15] the pressure drop across the longitudinal baffle should not exceed 5 -7 psi (0.344-0.48 bar). These exchangers had shell-side pressure drops of 8-20 psi (0.55-1.377 bar), so leakage across the longitudinal baffle was to be expected. This problem likely explains why these exchangers, when clean, do not have overall heat transfer coefficient close to U clean. of the shell-side fluid is bypassing the longitudinal baffle. The 38% bypassing was determined by "trial and error," until the U dirty matched U clean right after clean exchangers were returned to service. Although this amount of leakage seems very excessive, the literature [15] describes that a gap in the longitudinal seals of only 0.01 inches can result in 100% fluid bypassing. The fouling also seems extremely rapid after return to service; which would lead to believe that the exchangers may not be truly "clean" when cleaned. The rapid fouling when the exchanger is clean is due to the high tube surface temperatures and the fouling mechanism (polymerization or coking). Fig. 11 shows the heat duty of the trio high temperature heat exchangers. These exchangers do not show the degree of fouling as the low temperature pair heat exchangers. This result suggest that the mechanism of fouling is related to trace materials that are heat sensitive (polymerizing or coking near hot metal) which break down at these higher temperatures. The clean overall heat transfer coefficient for both the shell side and tube side fluids were adjusted for changes in composition and flowrate. An understanding of the flow regime is a must to ensure these adjustments are made correctly. If the exchanger has an F shell (with two pass flows and a longitudinal baffle), the potential for bypassing of the longitudinal baffle must be evaluated.
B. Results of the Performance of the Shell and Tube Heat Exchangers
IV. CONCLUSION
The experimental grid method for air cooled heat exchanger data collection and the DCS historian for shell and tube heat exchanger along with the analysis must be accurate; since bad data can be obtained due to faulty sensors or incorrect measurement techniques. Fouling in air cooled heat exchangers is mostly on the process air side and is due to rust formation in carbon steel tube. It is interesting to note that the apparent fouling factors for F shell exchangers may actually be poor heat transfer due to bypassing of the longitudinal baffle. Further scope of studies exits in automating the collection of data for the grid method in air cooled heat exchangers and also for a software to distinguish between longitudinal bypass leaks and fouling in shell and tube heat exchangers. Subsequently, a screen based interactive FDD tool with diagnostic information can be developed for monitoring and preventive maintenance purposes. 
